A statistical relationship between the rate of ferric ion production by a strain of Thiobacillusferrooxidans and various levels of cell concentration, Fe2" concentration, Na+ concentration, and temperature was studied by a direct colorimetric method at 304 nm. The relationship was linear (90 to 93%), cross-product (3 to 4%), and quadratic (1 to 2%). Acid-mine drainage is a major environmental problem in terrains affected by untreated acid waters. Several physical means of controlling the formation of acid-mine drainage were developed but were not very successful. Efforts were then directed towards microbial removal of the pollutants. The construction of wetlands in coal-mining regions (2, 12) is a direct attempt to harness the iron-oxidizing activity of T. ferrooxidans.
Acid waters from active and abandoned coal mines are high in acidity and dissolved solids and often characterized by low pH values. The oxidation of pyritic iron sulfide to S042-and Fe2+ is responsible for the high acidity. Under acidic conditions, pyritic oxidation proceeds by either of two reactions (11): FeS2 + 7/202 + H20 = Fe2+ + 2SO42-+ 2H+ (1) Fe2+ + 1/402 + H+ = Fe3+ + 1/2H20
(2) The major inorganic oxidation reaction follows equation 1. The reaction indicated in equation 2 is much faster (6) than the reaction indicated in equation 1 . In addition, Thiobacillus ferrooxidans, an acidophilic chemolithotroph, has been shown (3) to increase the rate of oxidation of Fe2+ to Fe3+ ion at pH values below 3.5.
Acid-mine drainage is a major environmental problem in terrains affected by untreated acid waters. Several physical means of controlling the formation of acid-mine drainage were developed but were not very successful. Efforts were then directed towards microbial removal of the pollutants. The construction of wetlands in coal-mining regions (2, 12) is a direct attempt to harness the iron-oxidizing activity of T. ferrooxidans.
The rate of oxidation of ferrous to ferric ion by T. ferrooxidans cells is affected by environmental factors, and the kinetics have been studied (4, 10, 13) . The disadvantage of these studies is that only one factor was studied at a time. In their natural ecological niche, the acidophilic iron-oxidizing bacteria are constantly exposed to varying concentrations of solutes and seasonal temperature changes. The number and kinds of bacteria present also affect the overall oxidation rate. A study of the simultaneous effects of iron and sodium concentrations, the number of bacterial cells, and a range of temperatures representing water temperatures of spring to early autumn was prompted by our observation (12) that there were seasonal variations in percent reduction of total iron concentration in a constructed wetland. We present data providing some insight into the possible interactive effects of environmental factors and the critical levels required for optimum oxidation of iron by a strain of T. ferrooxidans.
MATERIALS AND METHODS
Culture procedure. T Data were analyzed by stepwise regression and response surface regression procedures (8, 9) . Quadratic equations were fitted to the predicted oxidation rates for optimum response and analysis of the response surface.
RESULTS
Effects of temperature, bacterial cell concentration, Fe(II) concentration, and Na+ concentration. The rate of Fe2+ oxidation was significantly (P < 0.01) affected by all of the variables included in study 1 ( Table 2 ). Also included in Table 2 (Table 5) , with the largest in- (Table 6 ). The regression analyses (Tables 7 and 8) revealed that some or all of the factors acted independently. Only bacterial concentration and its quadratic and cross-product interactions with temperature were significant (P < 0.01). It appears that bacterial cell concentration is the single most important factor in this study.
The analyses (Tables 7 and 8 ) also indicated linear (92.8%), quadratic (1.01%), and cross-product (3.8%) rela- (Fig. 2 to 4) were generated by using predicted values at constant levels of temperature, bacteria, or Fe2+. The surfaces were tilted and rotated by an angle of 400 to obtain a better view of changes in the yield response. A lag in oxidation rate at cell concentrations between 0.25 and 0.35 mg/ml and a sharp increase at cell concentrations between 0.35 and 0.6 mg/ml are shown in Fig. 2 . The relationship between temperature and oxidation rate was also mostly linear (Fig. 2) . The apparent constant rate of oxidation at a fixed cell concentration and an increasing Fe2+ concentration is succinctly shown in Fig. 3 . The oxidation rate decreased dramatically at Fe2+ concentra- tions above 220 mM. The interactive effects of temperature and ferrous ion on oxidation rates were mostly linear (Fig.  4 ).
DISCUSSION
The studies described in this article provide an adequate means of investigating in the laboratory the interactive effects of various factors that could possibly affect the iron-oxidizing activities of acidophilic chemoautotrophs in abandoned or active mines. An estimation of the relationships between T. ferrooxidans, substrate concentration (Fe2+), Na+ concentration, temperature, and cell concentration is reported.
The concentration of T. ferrooxidans was the single most important factor. Oxidation rates at any of the temperatures included in these studies increased with increasing cell concentration. The results suggested possible inhibition of oxidation when the cell concentration was increased above 0.6 mg/ml. Possible competitive inhibition of Fe2+ oxidation by an increasing concentration of T. ferrooxidans cells has been reported (11) . The data in Tables 3 to 5 are indicative of competitive inhibition between cells (Bactx Bact). Although the mechanism of cell-cell inhibition is not known, Suzuki et al. (14) suggested that the unusual affinity of T. ferrooxidans cell surfaces for Fe3+ may be responsible.
Field studies (7, 12) indicate increased ferrous ion oxidation with increasing water temperatures. The results of our present studies are consistent with the field observations. The regression analyses showed that, although the main effect of increasing temperature was not significant, the interaction of increasing temperature with the other reaction parameters was significant. This may explain the seemingly low critical temperatures predicted for optimum ferrous ion oxidation. The (10) . The apparent Km values for oxidation of Fe2" by T. ferrooxidans reported by various workers varied from 0.11 to 0.28 mM (11) and 0.43 to 9.4 mM (1).
Sodium ion had a general stimulatory effect on the oxidation rate. The stepwise regression analyses indicated that the effect of its inclusion or exclusion from the model was marginal. However, the stimulatory effect may be due to sulfate ions which were inadvertently added as Na2SO4. The stimulatory effects of sulfate ion has been demonstrated (4, 5, 10) .
We have developed a statistical model to demonstrate the interactive relationships between cell concentration, temperature, Fe2+ and Na+ concentrations, and iron oxidation by T. ferrooxidans PH. The factors we chose to study represent a fraction of the operative factors in the natural habitats of the iron-oxidizing acidophiles. Our studies (12) in a constructed wetland receiving acid-mine drainage indicate wide variations in acidity, high concentrations of dissolved solutes other than Fe2+, Na+, and S042-, high concentrations of decaying plant matter (especially from Typha latifolia), and variety in the microflora (sulfate reducers, chemoheterotrophic aerobes, and anaerobes) inhabiting contiguous pH zones whose metabolic activities may indirectly affect the iron-oxidizing capacity of the acidophiles. Hence, the development of a statistical model that would accurately predict microbial ferrous iron oxidation in wetlands will require extensive field experimentation and must account for these other factors that were not included in the present study.
